Liming and phosphorus (P) applications are common practices for improving crop production in acid soils of the tropics. Although considerable work has been done to establish liming rates for acid soils in many parts of the world, information on the role of the lime-Al-P interactions on P fertility management is minimal. A green house pot experiment was conducted at Waruhiu Farmers Training Centre, Githunguri to evaluate the lime-Al-P interactions in acid soils of the Kenya highlands. Extremely acidic (pH 4.48) and strongly acidic (pH 4.59) soils were used for the study. Four lime (CaO) rates and phosphorus (Ca (H 2 PO 4 ) 2 rates were used. The liming rates were: 0, 2.2, 5.2 and 7.4 tonnes ha -1 for extremely acidic soil and 0, 1.4, 3.2, and 4.5 tonnes ha -1 for the strongly acidic soil. Phosphorus applications rates were: 0, 0.15, 0.30 and 0.59 g P kg -1 soil for the extremely acidic soil and 0, 0.13, 0.26, and 0.51 g P kg -1 for the strongly acidic soils. The experiments were a 4 2 factorial laid in a randomized complete block design (RCBD) and replicated ), Al saturation of (>20% Al) and low P. Lime-Al-P interaction significantly (P≤0.05) increased soil pH, extractable P, reduced exchangeable Al, Al saturation, P adsorption and standard phosphorus requirements (SPR). Use of 7.4 tonnes ha -1 lime in extremely acidic soils and 4.5 tonnes ha -1 lime in strongly acidic soils significantly reduced exchangeable Al and SPR by >70%. Lime positively correlated with soil pH, extractable P, and Langmuir maximal adsorption constant and negatively correlated with SPR and exchangeable Al. It was therefore concluded that lime and P positively interact to reduce Al and P adsorption rates in acid soils in the Kenya highlands.
INTRODUCTION
Inorganic phosphorus (P) in soil occurs mainly as H 2 PO 4 -and HPO 4 2-adsorbed onto the surfaces of iron (Fe) and aluminium (Al) oxide, and hydroxides, organic matter layer and amorphous alumino-silicate clay minerals or bound to cations like calcium [1] . Soil acidity is associated with aluminium (Al), hydrogen (H), iron (Fe) and manganese (Mn) on the soil colloids and in the soil solution [2] [3] [4] [5] [6] and corresponding deficiencies of the available P, molybdenum (Mo), calcium (Ca), magnesium (Mg) and potassium (K) (3, 4, 5, 6 ). Although high concentrations of H + are toxic to plant roots [7] , the main constraint to crop production in acid soils is not high H + but increased concentration of Fe 3+ and Al 3+ at pH< 5.5 [8] . The occurrence of high levels of Al and Fe in soils gives rise to low pH and low P availability. Thus, wherever Fe and Al are high, a corresponding P stress occurs [9] .
Soil acidity and P deficiency are not independent and one of the primary reasons commonly proposed for liming acid soils is to increase the availability of P to plants [10] . The effects of liming on the P supplying power of highly weathered acid soils has, however, been argued differently by different authors. Liming has been reported to increase, decrease, or have no effect on the amounts of soil extractable P [11] [12] [13] [14] [15] . Many of these apparent inconsistencies have been attributed to the differences in initial soil pH, nature of soil acidity, soil mineralogy, and the soil P extraction methods used [16] .
According to [17] , liming can increase P sorption in highly weathered acid soils. The increased P sorption with liming of acid soils was attributed to formation of active x-ray amorphous Al hydroxyl polymers which actively sorb more P than Al 3+ [18] . The active Al hydroxyl polymers formed can also coat the surface of minerals, thereby modifying their surface charge characteristics [19, 20] hence influencing the P-sorption mechanisms by such soils.
Kenyan soils, similar to other agricultural soils of the tropics, are generally low in available P attributable to low soil pH and oxides or/ and hydroxides of Al and / or Fe. Several authors have reported that the available P in the Kenya highland soils is low, ranging from 2 to 5 mg P kg -1 soil [21] [22] [23] [24] . Various P studies have further indicated that these soils have high P-fixation capacities that transform about 80% of the added inorganic P to forms unavailable for plant uptake [21, 25, 26] . Several scientists have tested and documented the effect of liming on nutrient availability in acid soils of the western highlands of Kenya [27, 28, 14] . However, information on the interaction of lime and P on availability of P, as assessed by soil-testing procedures and plant uptake in the Kenya highland, is scanty. The objectives of this study were therefore: (i) to evaluate the lime-P interaction effect on soil acidity and available P, and (ii) To determine the lime-Al-P interaction effect on the P adsorption by two acid soils from Kenya Highlands.
MATERIALS AND METHODS

Experimental Layout and Design
A greenhouse pot experiment was carried out at Waruhiu Farmers' Training Centre, Githunguri, Kiambu County Kenya to determine the lime-Al-P interactions in acid soils. Two composite soil samples representing extremely acid (pH 4.0-4.5) and strongly acidic (pH 5.0-5.5) soils, as described by [29] were used in the study. The experiments were a 4 2 factorial laid down in a Randomized Complete Block Design (RCBD) and replicated three times. Liming rates were chosen to attain 0, 30, 70 or 100% reduction in the amounts of M KCl-extractable Al originally Table 2 below was used for lime requirement determinations.
Forty eight, 5 kg composite soil sample portions for both extremely and strongly acid soils were weighed and transferred to nine litre plastic pots. The different lime levels were weighed and thoroughly mixed with the soils and incubated at friable state for a period of 21 days. Water was added every 2 days to compensate for evaporative losses and the soils were remixed thoroughly. After incubation, soils from each liming level were air-dried, sieved and returned to the plastic pots. The various P levels were then added and the soils re-incubated at the same conditions for 14 days after which they were air dried. One kilogramme subsamples of the soils were then used for chemical analyses in the laboratory.
Laboratory Analysis
Soil physiochemical analysis and P adsorption were determined before and after application of treatments. The analysis conducted include: soil pH, exchangeable aluminium, CEC, exchangeable bases and particle size were analyzed as described by [31] . Extractable P was determined Using mehlich double acid method as described by [32] while phosphorus sorption capacities of the soils were evaluated as described by [33] and the P adsorbed data for the two soils fitted into the linearized form of the Langmuir equation.
Data Analysis
Data collected was subjected to Analysis of Variance (ANOVA) using the Genstat statistical software [34] and means were ranked using Duncan's New Multiple Range Test. Dependency tests and correlations were also conducted to find out if there was a relationship between the various variables. 
RESULTS
The Initial Physical and Chemical Characteristic of the Soils
The tested soils were acidic with pH CaCl2 <5.5 (Table 2 ). Exchangeable Aluminium levels for both soils were > 2 cmol kg -1 and % Aluminium saturation > 20%. Both extractable P and Ca were low while CEC was < 15 cmol kg -1 soil. The tested soils had clay texture.
The Effect of Lime -Phosphorus Interaction on Soil Chemical Properties
Lime-Al-P interaction significantly (P<.01) increased soil pH levels (Table 3) . Lime rates resulting to 100% reduction in Al 3+ increased soil pH levels by 2.20 and 2.31 in extremely and strongly acidic soils respectively, compared to the control. Phosphorus did not significantly influence soil pH.
Lime-Al-P interaction significantly (P<.01) increased extractable P in both extremely and strongly acidic soils (Table 4) . Lime rates resulting in to 70% reduction in Al
3+
, promoted the highest amount of extractable P in both soils.
Lime-Al-P interaction significantly (P<.01) reduced exchangeable Al, and % Aluminium saturation in both extremely and strongly acidic soils (Tables 5 & 6 ). Liming to achieve 100% Al 3+ reduction, resulted to >50% reduction of the exchangeable Al in both soils compared to the control. Phosphorus use however, did not significantly influence either exchangeable Al or % Aluminium saturation in both soils.
Significant positive relationships were observed between soil pH, lime and extractable P ( Table  7) . On the contrary, pH, lime and extractable P negatively correlated with exchangeable Al, and aluminium saturation. 
The Effect of Lime -Al-P Interaction on Phosphorus Adsorption Levels of the Two Soils
The phosphate adsorption isotherms of extremely and the strongly acidic soils were determined by plotting the amounts of phosphate adsorbed (X) against the equilibrium concentrations of phosphate (C). Comparing the highest amount of P adsorbed extremely acidic soils; it is evident that soils treated with different levels of phosphorus had different capacities to adsorb P (Fig. 1) . The results of the study showed that maximal P adsorption decreased with increasing fertilizer P application. Soils supplied with 0 mg P kg -1 had the highest value of maximum adsorption (1967 mg kg -1 ) while soils supplied with 3 g P kg -1 had the lowest maximal P adsorption (960 mg kg -1 ).
Fig. 1. Phosphate adsorption isotherm of extremely acidic soil treated with different phosphate fertilizer rates (Error bars inserted)
Maximal P adsorption decreased with increasing fertilizer P application in strongly acidic soils (Fig. 2 ). Soils supplied with 0 mg P kg -1 had the highest value of maximum adsorption (1216 mg kg -1 ) while soils supplied with 2.5 g P kg -1 had the lowest maximal P adsorption (889 mg kg -1 ).
Lime application significantly influenced the capacity of soils to adsorb P (Fig. 3) . The results of the study showed that maximal P adsorption decreased with increasing liming rates. Soils supplied with 0 tonnes ha -1 lime had the highest value of maximum adsorption (1568 mg kg ) while soils supplied with 7.4 tonnes ha -1 lime had the lowest maximal P adsorption (804 mg kg -1 ) in strongly acidic soils (Fig. 4) . Phosphorus significantly reduced the standard phosphorus requirement (SPR) of the tested acid soils (Table 8 ). Use of 3.0 g P kg -1 reduced SPR by more than 40% compared to 0 g P kg -1 in extremely acidic soils. Similarly, 7.4 tonnes ha -1 of lime significantly reduced SPR by >81% compared to 0 tons ha -1 .
Phosphorus and lime use significantly reduced SPR in strongly acidic soils ( Table 9 ). Use of 2.5g P kg -1 significantly reduced SPR by 73% while 4.5 tonnes ha -1 reduced SPR by 84% compared to the control. A significant negative relationship was observed between standard phosphorus requirement of tested acid soils, lime application, langmuir adsorption constants (bL) and langmuir constant related to binding energy (kL) ( Table 10 ). Significant relationships were also observed between lime application, bL and kL. 
DISCUSSION
Chemical and Physical Properties of the Soils
Levels of exchangeable Ca (Ca<4.0) and CEC< 15 cmolkg -1 soil such as identified in this study are low [35] . Soils which are extremely (pH <4.5) to strongly acidic (pH 4.5-4.9) and have aluminium levels (> 2.0 cmolkg -1 ) have also been reported by [29, 36] to be toxic for most plants.
Acid soils with such high Al 3+ ions, low base cations and CEC are characteristics of highly weathered soils, which have lost most of the base cations due to high rainfall and extensive weathering. As a result, the soils have high levels of Fe and Al sesquioxides that may lead to high P fixation resulting to low levels of extractable P [35, 37, 38] . In addition to leaching of bases, parent material mineralogy also contributes to the soil acidity [38] and P fixation. The increase in soil pH and extractable P and decrease of P adsorption levels and SPR after application of both lime and P could be attributed to increased base saturation leading to replacement of hydrogen ions on the soil surface by bases like Ca 2+ [4, 39] . Neutralization of H + results in a pH increase and a shift in the ratio of basic cations adsorbed onto soil particles and in solution [4, 10] . Aluminium and iron ions held by negative sites on soil particle surfaces are displaced into soil solution and transformed back into the solid state sesquioxides (e.g Al(OH)3, Fe(OH)3) [4, 40] 3 ) and Fe (OH 3 ) hence increased P availability in the exchange complex [38] [39] [40] . Additionally, pH increase plays a role in stimulating mineralization of P from soil organic phosphorus [16] . Similar findings on reduction of nutrient toxicities and corresponding increase in nutrient availabilities as a result of lime and P have been reported [15, [39] [40] [41] [42] .
CONCLUSION
Lime-Al-P interaction significantly increased soil pH levels, extractable P, and reduced exchangeable aluminium, P adsorption and SPR of the acid soils. Combined application of 7.4 tonnes lime ha -1 with either 0.30 g P kg -1 or 0.59 g P kg -1 soil in extremely acidic soils and 4.5 tonnes lime ha -1 with either 0.26 g P kg -1 or 0.51 g P kg -1 in strongly acidic soils significantly reduced SPR and exchangeable Al. It can therefore be concluded that lime-Al -P interactions is important in the management of phosphorus in acid soils of the Kenya Highlands. However, more research is required to ascertain optimal P levels that can be applied to achieve optimal lime-Al-P interactions under field conditions.
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